It is common for fibrous porous materials to be used in high temperature applications such as automotive and gas turbine exhaust silencers. Understanding the effect of temperature on the acoustic properties of these materials is crucial when attempting to predict silencer performance. This requires knowledge of the bulk acoustic properties of the porous materials and so this article aims to quantify the effect of temperature on the bulk acoustic properties of three fibrous materials: rock wool, basalt wool and an E-glass fibre. Measurements are undertaken here using a standard impedance tube that has been modified to accommodate temperatures of up to 500 °C. It is shown that measured data for the bulk acoustic properties may be collapsed using a standard Delany and Bazley curve fitting methodology provided one modifies the properties of the material flow resistivity and air to account for a change in temperature. Moreover, by using a previously proposed power law describing the dependence of the flow resistivity with temperature, one may successfully collapse data measured at every temperature and obtain the Delany and Bazley coefficients in the usual way. Accordingly, to predict the bulk acoustic properties of a fibrous material at elevated temperatures it is necessary only to measure these properties at room temperature, and then to apply the appropriate temperature corrections to the properties of the material flow resistivity and air when using the Delany and Bazley formulae.
INTRODUCTION
The bulk acoustic properties of porous materials play a crucial role in determining how sound propagates within a material. A knowledge of how sound propagates within a material is essential in the study of those applications in which the material is considered to be bulk reacting. Relevant applications include the study of dissipative silencers where it is widely accepted that one must account for the propagation of sound within the material in order to obtain satisfactory estimations of silencer performance. Examples of this approach include automotive exhaust silencers [1] [2] [3] , and those silencers found in ventilation and gas turbine systems [4, 5] . In these applications fibrous materials are normally used and here it is common for the material to be sourced in large quantities, a portion of which is then packed into the silencer carcass. This results in many silencer applications containing relatively large quantities of fibrous materials in which the fibres are randomly aligned, and with a significant range in fibre diameters being common. Therefore, for this type of application the identification of the bulk acoustic properties is challenging and one must rely on averaging the acoustic behaviour over a number of material samples in order to deliver a reliable guide to overall material behaviour. This makes it very difficult to realise a theoretically based approach to identifying the bulk acoustic properties, and here it is common for a number of empirical constants to be necessary in order to obtain good agreement between prediction and measurement [6] [7] [8] . Furthermore, even a semi-empirical model developed using empirical constants is unlikely to reproduce accurately experimental measurements taken over a wide range of different material bulk densities and excitation frequencies. Therefore, for dissipative silencers packed with fibrous materials it is usual practice to rely on experimental measurements when identifying the bulk acoustic properties [1] [2] [3] [4] [5] . 4 The bulk acoustic properties of fibrous materials are normally written in the form of the propagation constant and characteristic impedance; these properties may be obtained following measurements of surface impedance taken in an impedance tube. In order to accommodate the random nature of a bulk fibrous material it is common practice to measure many samples of a material -generally covering different bulk densities -and to obtain an overall average behaviour through curve fitting. This can be achieved by plotting these measurements using non-dimensional parameters and this was first demonstrated by Delany and Bazley [9] , who aggregated measurements taken for a number of different fibrous materials and showed that data for the real and imaginary parts of the bulk acoustic properties may be collapsed onto graphs using a non-dimensional parameter based on the flow resistivity of the fibrous materials. A power law regression analysis then delivers eight coefficients for the bulk acoustic properties, which are normally referred to as the Delany and Bazley coefficients. The method of Delany and Bazley is widely used and forms the basis for the majority of empirical models that quantify sound propagation within bulk fibrous materials. Furthermore, this approach to specifying the bulk acoustic properties of a porous material is almost exclusively used in theoretical models for dissipative silencers [1] [2] [3] [4] [5] .
However, the data reported by Delany and Bazley, and the vast majority of the studies that have followed, are limited to the measurement of the bulk acoustic properties at room temperature. This presents a problem when attempting to predict dissipative silencer performance at elevated temperatures, because there is little data available to indicate how higher temperatures will affect the acoustic performance of these materials. This is particularly problematic for high temperature silencer applications, such as automotive and gas turbine exhaust silencers, and here it is noticeable that studies have yet to appear in the literature that attempt to predict silencer performance at higher temperatures. A likely reason 5 for this is the absence of comprehensive and reliable data for the bulk acoustic properties of fibrous materials at higher temperatures. Accordingly, this article seeks to address this by reporting impedance tube measurements of the bulk acoustic properties of fibrous materials at elevated temperatures.
Numerous studies are available that report the measurement of the bulk acoustic properties of fibrous materials at room temperature, as well as their use in the design of dissipative silencers [1] [2] [3] [4] [5] . It has also long been known that one must correct for errors in the Delany and Bazley coefficients if one is attempting to extrapolate data to low frequencies [10, 11] .
The bulk acoustic properties are normally obtained from surface impedance measurements carried out according to the European Standard EN ISO 10534-2:2001 [12] . This standard specifies details of the impedance tube and the transfer function measurements required to find the surface impedance of the porous sample. The bulk acoustic properties are then found from two separate impedance measurements, which may be achieved by using, for example, two different air gaps behind the sample, or two different thicknesses [13] . It is this post processing of the surface impedance measurements that delivers the bulk acoustic properties of the material, which are very different to surface impedance, or absorption coefficient, often quoted in the literature for porous materials [14] . Following the measurement of the flow resistivity of the porous material [15] one may then obtain the Delany and Bazley coefficients [9] . The influence of temperature on the bulk acoustic properties coefficients has, however, yet to be explored in detail. This is, perhaps, not surprising given the challenge of undertaking impedance tube measurements at high temperatures. However, Sun et al. [14] recently introduced an experimental apparatus in which it was demonstrated that the surface impedance measurements can be obtained reliably at higher temperatures. This approach is also well suited to obtaining experimental measurements of the bulk acoustic properties, and 6 so the apparatus described by Sun et al. will form the basis of the experimental investigation that follows.
There are very few studies in the literature that attempt to quantify the influence of elevated temperatures on the acoustic properties of fibrous materials and, to the best of the authors' knowledge, no studies that measure the bulk acoustic properties at high temperatures using an ISO 10534-2 standard test rig [12] . The first study on the effect of high temperatures was carried out by Christie [16] , who measured the Delany and Bazley coefficients for mineral wool at 19°C, 255°C and 490°C. Christie used a closed cavity experimental apparatus in order to raise the temperature of the fibrous material, and here it is not entirely clear how accurate this experimental apparatus is likely to be, and it does not, of course, comply with later ISO standards. Christie also measured the flow resistivity of the material over a range of temperatures up to and including 700°C, and here Christie found an increase in the flow resistivity of the material proportional to the 0.6 th power of the (absolute) temperature for temperatures up to about 400°C. Above this temperature the rate of increase begins to slow down and this power law no longer fits Christie's experimental data. Christie then compared values for the bulk acoustic properties measured at high temperatures with those predicted using Delany and Bazley's coefficients, after first modifying the flow resistivity to account for the higher temperatures. Christie demonstrated reasonably good agreement between the two results and concluded that the power law relationship for the flow resistivity was successful, at least over the temperature range of the acoustic measurements. However, Christie only measured data at two elevated temperatures and reports little data with which to substantiate the final conclusions; agreement between data measured at high temperatures and that predicted using the Delany and Bazley coefficients is also limited at certain frequencies. Therefore, one cannot be certain that the discrepancies evident in Christie's 7 results are not caused by a departure of the material properties from those measured by Delany and Bazley, or by experimental error. Here, a question mark also remains over the accuracy of the experimental methodology for the acoustic measurements, especially as the design of the apparatus departs significantly from current practice [12] . Furthermore, Christie does not measure a sufficient amount of data in order to obtain a representative average behaviour for the material. Thus, the measurements provided by Christie are too limited to provide confidence in the method used to extrapolate the data of Delany and Bazley to higher temperatures. Nevertheless, Christie's findings are interesting, especially as there is a clear and obvious advantage to using the power law relationship proposed for the material flow resistivity, as this would permit the Delany and Bazley coefficients measured at room temperature to be used at higher temperatures without actually measuring the acoustic properties at higher temperatures.
The power law profile for flow resistivity proposed by Christie [16] was later investigated by Giese et al. [17] , who used a microstructure model to investigate the influence of temperature on the acoustic properties of a fibrous material. Giese et al. predict modifications to the material flow resistivity that are similar to those proposed by Christie, although no experimental data was obtained to support these conclusions. Recently, high temperature measurements were also undertaken by Sun et al. [14] , who used an ISO standard impedance tube to obtain measurements of surface impedance up to a temperature of 500°C. Sun et al.
were interested in the surface impedance of a thin disk of steel wool and showed that the absorption coefficient of this material decreased when the temperature increased, at least up to a frequency of about 5 kHz. Sun et al. [14] also demonstrated good agreement between measured and predicted absorption coefficient using a microstructure based theory. This approach allowed Sun et al. to investigate the influence of temperature on those parameters typically used in theoretical models for porous media. However, Sun et al. did not proceed to measure the bulk acoustic properties of the porous material and here it is likely to be difficult to extend their theoretical approach to the investigation of the propagation constant and characteristic impedance. This is because it is likely to be more challenging to obtain good agreement between prediction and measurement for the propagation of sound within random bulk samples of a fibrous material, when compared to the surface impedance of a thin rigid disk of material.
The experimental method of Sun et al. demonstrates that it is possible to build an impedance tube based on an ISO standard design and to modify the tube to allow measurements to be obtained at higher temperatures. Accordingly, their experimental methodology is adopted here as a basis for undertaking the measurement of the bulk acoustic properties of fibrous materials used in dissipative silencers. The aim of these measurements is to investigate the validity of the temperature power law proposed by Christie for the material flow resistivity [16] , and its use in quantifying the bulk acoustic properties of fibrous materials at high temperatures using Delany and Bazley coefficients. Accordingly, three fibrous materials typically used in high temperature applications are measured here. These materials are rock wool, basalt wool and a glass fibre, where the maximum operating temperature for these materials is 800°C, 820°C and 500°C, respectively. In section 2, an impedance tube designed according to EN ISO 10534-2:2001 [12] is described, with modifications made to allow the temperature to be raised up to 500°C. In section 3, measured data is presented in the form of the propagation constant and characteristic impedance for each material, and here the validity of Christie's modification to flow resistivity is investigated.
EXPERIMENT
The experiments undertaken here are based on the impedance tube methodology described in EN ISO 10534-2:2001 [12] , as well as the high temperature modifications to the tube suggested by Sun et al. [14] . Accordingly, a steel impedance tube of inner diameter 102 mm and length 1510 mm is used, see Fig. 1 . This gives a nominal upper frequency limit of 1951
Hz at room temperature, and 3120 Hz at 500°C. Two GRAS type 40SA probe microphones are used to measure sound pressure and these are placed 79 mm apart, with the first microphone placed 201 mm from the sample face. The upper operating temperature of the microphones is 70°C and so they are isolated from the high temperatures in the tube using a 160 mm long probe and a heat sink that has an upper operating limit of 800°C. The tube is terminated with a plunger of depth 30 mm, which may be moved away from the back of the sample material using a screw thread attached to a plunger. When the plunger is moved to create an air gap the sample is held in position using a metallic wire mesh of high percentage open area, with the mesh being slightly oversized to keep it in place. The maximum available air gap is 225 mm, although the actual air gap chosen is varied according to the size and bulk density of the sample material. The sound source is a Maplin Electronics Ltd 51/4" 60W Shielded Loudspeaker, which is placed at the far end of the impedance tube.
Heating is provided by 11 Watlow Mineral Insulated Band Heaters, which have a width of 63.5 mm and are spaced equally over the tube so that they cover approximately 700 mm of the tube starting at the back plate of the tube, see Fig 2. The maximum rated temperature of each heater is 540°C, although in the experiments that follow the upper temperature is restricted to 500°C due to electrical safety reasons. The temperature of each heater is controlled by a set of three controllers so that individual heaters are grouped into three sections, with 1 heater in the first group next to the back plate termination, 8 heaters in the next group and 2 heaters in the final group furthest away from the sample. In order to prevent thermal damage to the loudspeaker a water jacket with a length of 614 mm is used to cool the air in the section of the tube closest to the loudspeaker.
The main challenge of operating the impedance tube at high temperatures is maintaining a constant temperature along the length of the tube, including the material sample and the plunger. The temperature of the heaters is set by the controllers and these have an inbuilt feedback mechanism in order to maintain a specified temperature. This feedback depends on temperature measurements obtained for each group of heaters and here three type K thermocouples were fixed inside the tube, one for each group of heaters. In addition, the temperature profile inside the tube was also independently investigated using a separate array of five Type K thermocouples. These measurements were obtained prior to the acoustic tests, which enabled the loudspeaker to be removed from the far end of the tube and replaced with a steel plate. Each thermocouple was then threaded inside a narrow metal tube, which was inserted through the steel plate and moved along the tube into one of 12 axial measurement positions. At a chosen axial location the thermocouples were arranged so that they were approximately 10mm, 30mm, 50mm, 70mm and 90mm away from the bottom of the impedance tube, in order to measure the transverse temperature distribution at five points.
The thermocouples permitted the independent measurement of the performance of each heater and following the setting of a desired temperature on the controller some oscillation around this temperature took place and it took about 60 minutes for the temperature readings to settle down. Initial temperature measurements inside the tube showed up large convection currents and significant heat losses at the water jacket end, and it was found necessary to place a thin cloth barrier between the heater and water jacket sections of the tube in order to lower axial temperature gradients. A number of experimental measurements were undertaken to ascertain the effect of this cloth barrier on the acoustic measurements and, provided one chooses a relatively thin barrier, this material had a negligible influence on the acoustic measurements. Following this design modification a significant improvement in the temperature profile was realised, and in Figs 3a-3c this temperature distribution is shown at temperatures of 300°C, 400°C and 500°C, respectively. It is evident in these figures that a relatively constant temperature distribution has been achieved inside the tube, at least between the face of the plunger and the last microphone. This region of the tube near the plunger formed the main focus of efforts to maintain a uniform temperature profile in the anticipation that any increase in the temperature gradients beyond the last microphone will not significantly affect the acoustic measurements. For this region the maximum axial temperature difference is Δ 3.4 at 300 °C, which occurs for a single radial location;
for all other radial locations and at other temperatures the maximum axial temperature difference is closer to 2 °C, and here the average of these values is Δ 2.0 . In the radial direction agreement between the measured temperatures improves, with Δ 2 at 300 °C, with most values closer to 1 °C, so that Δ 0.9 . For the entire set of data measurements at each temperature, the standard deviation from the mean is SD 0.9 at 300 °C, SD 0.8 at 400 °C, and SD 0.6 at 500 °C. Thus, the measured temperature distribution within the tube indicates that the temperature profile remains stable and errors seen in the axial and transverse temperature profiles compare very well with the values obtained by Sun et al. [14] . Accordingly, it is assumed here that this variation in temperature is acceptable for undertaking acoustic measurements because the average variation in the speed of sound will be less than 1 %, which means that the sound pressure distribution within the tube will remain planar.
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The experimental measurement of surface impedance follows the transfer function method described in EN ISO 10534-2:2001 [12] , with appropriate changes made to the fluid constants when measuring at higher temperatures. In the measurements undertaken here a single sample of fibrous material is maintained in place whilst testing is undertaken at all temperatures of interest. Before testing at a given temperature, the temperature of the tube was allowed to stabilise. Two surface impedance tests were then performed, one with a rigid backing the other with an air gap behind the material. In each case, the temperature in the tube was allowed to stabilise following the introduction of an air gap. The size chosen for the air gap depended on the material measured, although it generally varied between 25 and 90 mm. Following the completion of two surface impedance tests at each temperature the bulk acoustic properties are determined using the method described by Utsuno et al. [13] , which is amended here to accommodate the use of a rigid backing. The material sample was then replaced with a sample of the same material but with a different bulk density and a number of repetitive tests were undertaken, where the bulk density of the sample was varied between 60
and 130 kg/m 3 and a sample thickness of less than 40 mm was maintained in order to avoid high levels of attenuation within the sample material that may significantly lower the signal to noise ratio. The testing of random samples of bulk fibrous materials does, however, present some problems, especially when attempting to maintain a relatively uniform distribution of the material across the sample. Accordingly, it is important to include a sufficient amount of material to allow one to minimise large voids inside the material and also to evenly distribute the material, but not too much so that high levels of attenuation compromise the accuracy of the measurements. This approach required a significant amount of trial and error when arranging the material sample and it was found that occasionally the material settles in such a way that clearly erroneous data is obtained. Therefore, those sets of 13 data that significantly depart from the average expected behaviour have been discarded from the results that follow.
RESULTS AND DISCUSSION
The measured bulk acoustic properties for rock wool, basalt wool and glass fibre are presented here using the method of Delany and Bazley [9] . Accordingly, the bulk acoustic properties written as Γ , and ,
where Γ is the propagation constant and is the characteristic impedance, with √ 1.
The bulk acoustic properties are then written in terms of the Delany and Bazley coefficients so that 
where … . are the Delany and Bazley coefficients and ⁄ . Here, ⁄ , where is the radian frequency, is the speed of sound, is the density of air, is the flow resistivity of the material and denotes frequency. Note that is assumed here to be a 14 function of temperature [16] , and of course and also depend on temperature. Thus, in order to obtain the Delany and Bazley coefficients at higher temperatures one must also measure the temperature dependence of . It is, however, sensible first to investigate the power law suggested by Christie [16] for the flow resistivity before deciding whether it is necessary to incur the extra expense of commissioning a high temperature flow resistivity rig.
Accordingly, the flow resistivity for each material is measured here at room temperature following EN ISO 29053:1993 [15] . 
where is a room temperature of 20° C, and all temperatures in Eq. (4) certain amount of scatter is present, especially in the values for and . This is common in measurements of the bulk acoustic properties taken at room temperature; see for example the levels of scatter observed for these parameters by a number of authors [18] [19] [20] . Thus, the scatter seen here is not necessarily caused by the increase in temperature, which is illustrated 15 by a comparison between data taken at room temperature and those at elevated temperatures.
Accordingly, it is concluded here that high temperatures do not affect the level of scatter seen in the data and this scatter is merely a function of the measurement methodology. The scatter has many possible sources and may be influenced by the accuracy of the transfer function measurements, with lower frequencies being less accurate because of the increase in the wavelength of sound; however, for fibrous materials it is likely that the scatter is dominated by problems in obtaining a uniform sample of the material, as well as maintaining a flat and uniform surface facing towards the sound source. Nevertheless, the scatter seen in the results for rock wool is judged to be acceptable for the deduction of the bulk acoustic properties.
In Fig. 4 , it is evident that if one adopts the power law in Eq. (4) then the data measured at different temperatures collapses well. For example, when the temperature is increased the data for , and are seen to "line up" very well. The only region of slight deviation is for , however this is for one of the material properties that has the most scatter, and the level of deviation seen here is not deemed to be significant in terms of the effect of temperature on the acoustic properties of the material. In Figs. 5 and 6, the bulk acoustic properties for basalt wool and glass fibre are presented. Here, the data is again seen to line up well, and it is noticeable that the scatter for basalt wool is less than that seen for the other materials. This is thought to be caused by the relative ease with which it was possible to arrange this material in a uniform and consistent way. In Fig. 5 one can see that for and R the data at different temperatures lines up well and so one may infer that those small discrepancies seen previously for rock wool are probably a result of experimental uncertainties and not a temperature related property of the material. For glass fibre in Fig. 6 similar behaviour is observed to the other two materials, although there is an increase in scatter when compared to basalt wool.
It is evident in Figs. 4-6 that the measured bulk acoustic properties obtained at high temperatures generally collapse very well onto a standard Delany and Bazley plot. This was made possible by compensating for the change in the flow resistivity of the material and the properties of air when the temperature is increased. Accordingly, these figures provide convincing evidence that the power law modification of Eq. (4), first suggested by Christie [16] , is correct, at least up to a temperature of 500°C. Therefore, it is possible to fit a regression curve through this data and to identify the Delany and Bazley coefficients for each material, and these are recorded here in Table 1 . It is likely that any differences Christie noticed between predicted values obtained with the corrected flow resistivity, and those values measured at high temperatures, were caused by comparing a limited set of data for an individual material with data averaged over many measurements and different materials taken by Delany and Bazley. This effect is also evident in the regression constants in Table 1, which do not match those of Delany and Bazley, and do not match one another. Christie also noted a deviation in Eq. (4) when measuring the flow resistivity at temperatures above 400°C, but in Figs. 4-6 there is no evidence to suggest that this occurs for the materials studied here. For example, those measurements taken at 500°C appear to collapse just as well as those taken at lower temperatures and there is no evidence of any trend in the data deviating away from that obtained at lower temperatures. Whilst it has not been possible to obtain data at temperatures above 500°C, the data presented here provides evidence that one may, at least as a first approximation, apply the power law relationship of Eq. (4) over the entire temperature range of interest, which for gas turbine exhaust systems is up to 680°C.
In Delany and Bazley's original article the absorption coefficient was also obtained, which may readily be obtained from the bulk acoustic properties, so that
where coth Γ ⁄ . Here, Eq. (5) permits a measured value for the absorption coefficient to be calculated for a given depth of material using the bulk acoustic property measurements. This permits comparison with the findings of Sun et al. [14] and in Fig. 7 . Here, it is seen that the measured absorption coefficient drops as the temperature is increased, at least over the frequency range covered here and this behaviour is the same as that observed by Sun et al. [14] . The material studied by Sun et al. is, however, very different from those studied here and so only a qualitative comparison is possible, but the results do clearly demonstrate that a rise in temperature significantly alters the absorption characteristics of a fibrous porous material.
CONCLUSIONS
The influence of temperature on the bulk acoustic properties of three fibrous materials was investigated using an impedance tube designed to ISO 10534-2 standards [12] and adapted for high temperatures following the methodology of Sun et al. [14] . It is shown that by using band heaters it is possible to maintain an approximately linear temperature profile throughout the tube for temperatures up to 500 °C. Through the use of probe microphones and a water cooling jacket close to the loudspeaker, one may then use a two microphone method to 18 measure the surface impedance of a sample of fibrous material at high temperatures. The bulk acoustic properties may then be found following the measurement of two different surface impedances [13] . Measured data are presented here for rock wool, basalt wool and an E-glass fibre, for temperatures between 20 °C and 500 °C. For each material it is shown that one may collapse the data using the method of Delany and Bazley [9] ; however, in order for this to work it is necessary first to correct for the temperature dependence of the material flow resistivity, as well as that of the properties of air. Here, it is shown that the 0.6 power law relationship between temperature and the material flow resistivity proposed by Christie [16] permits the data measured at each temperature to be collapsed onto standard Delany and Bazley curves, at least up to a temperature of 500 °C. That is, if one wishes to obtain the bulk acoustic properties of a fibrous material at high temperatures then it is necessary only to measure these properties at room temperature, and then to correct the flow resistivity using
Christie's power law given in Eq. (4), as well as modify the properties of air. Therefore the measurements presented here demonstrate that it is not necessary to build an impedance tube that will operate at high temperatures, at least if one is interested in the properties of fibrous materials up to 500 °C. For temperatures above 500 °C it is proposed that, as a first approximation, one retains the 0.6 power law, provided that the material remains mechanically stable at such high temperatures. The results presented here also demonstrate that high temperatures significantly affect the acoustic properties of a fibrous material and so any computational models that seek to estimate dissipative silencer performance at higher temperatures must account for this in their calculations. 
